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Pericytes surround and stabilize the vast capillary network of the central nervous system. In this issue of
Developmental Cell, Li et al. (2011) show that Smad4 and Notch signaling together regulate endothelial
expression of an adhesion factor, N-cadherin, which couples pericytes to the endothelial cell wall, thereby
preventing neonatal intraventricular hemorrhage.In the CNS, the neurovascular unit of the
blood-brain barrier (BBB) incorporates
multiple cell types, including endothelial
cells, vascular mural cells (pericytes and
vascular smooth muscle cells), astro-
cytes, and microglia. Pericytes are inte-
gral, multifunctional members of the neu-
rovascular unit that closely surround and
stabilize the vast capillary network of the
CNS. Although originally discovered in
1873, only recently have the diverse func-
tions of cerebrovascular pericytes begun
to be elucidated. Several in vivo reports
have now suggested that pericytes play
a critical role in the development and
maintenance of the BBB, regulation of
microvascular stability and density, and,
although potentially controversial, regula-
tion of cerebral blood flow under physio-
logic conditions (Armulik et al., 2010;
Bell et al., 2010; Daneman et al., 2010).
As the multifunctional nature of brain
pericytes is only beginning to be realized,
numerous connections between ab-
normal pericyte function and human
disease are beginning to be established,
including hereditary hemorrhagic telangi-
ectasia, diabetic retinopathy, ischemic
microvascular stasis, and more broadly,
neurodegeneration (Armulik et al., 2005;
Zlokovic 2008; Bell et al., 2010). Neonatal
intraventricular hemorrhage (IVH) has also
been hypothesized to arise in part from
a relative paucity of pericytes on capil-
laries located in the germinal matrix
(Braun et al., 2007), constituting a signifi-
cant cause of morbidity and mortality in
20% of cases of prematurity (Ballabh,
2010).
However, progress in effectively treat-
ing or preventing IVH has been limited
by a lack of effective animal models andby a poor understanding of the molecular
mechanisms governing endothelial-peri-
cyte interactions. Presently, the intricate
recruitment and coupling of pericytes to
the endothelial cell wall in the CNS is
believed to involve a coordinated effort
among several signaling cascades (Armu-
lik et al., 2005; Winkler et al., 2010).
Previous analysis of these respective
signaling cascades in the human fetal
germinal matrix has focused attention on
reductions in transforming growth factor-
b (TGF-b) protein, leading to speculation
that reduced TGF-b signaling may play
a role in the region-specific pericyte defi-
ciency, thus contributing to its vulnera-
bility of fetal hemorrhage (Braun et al.,
2007).
Classically, TGF-b and BMP signaling
pathwaysareeach initiatedby ligand-medi-
ated activation of distinct transmembrane
receptors, leading to phosphorylation of
TGF-b or BMP-specific receptor-regulated
Smad proteins (rSmads), which then asso-
ciate with a shared ‘‘co-Smad’’ subunit,
Smad4. Subsequent translocation of
Smad protein complexes into the nucleus
evokes diverse, context-dependent tran-
scriptional changes. In this issue of Devel-
opmental Cell, Li et al. describe a mecha-
nism in which Smad4 and Notch signaling
cascades within cerebrovascular endothe-
lial cells act in concert to regulate expres-
sion of an adhesion factor, N-cadherin, ulti-
mately required to facilitate the physical
coupling of pericytes to the endothelial
cell wall (Figure 1). In Li et al., the authors
carefully analyze microvascular structure,
BBB integrity, and mural cell coverage in
mice with specific genetic ablation of
Smad4 in cerebrovascular endothelial cells
(SP-A-Cre; Smad4flox/flox). Unlike endothe-Developmental Cell 2lial-specific genetic ablation of Smad4
from all vascular beds, cerebrovascular-
specific Smad4 ablation results in progeny
that remain viable during embryonic devel-
opment, eventually succumbing to lethal
cerebral and ventricular hemorrhages in
the perinatal period. These mice present
numerous microvascular abnormalities
that may compromise vascular integrity
enough to cause hemorrhage; the defects
includemicroaneurysms, reduced vascular
smooth muscle cell (vSMC) arterial
coverage, and dilation of capillaries,
arteries, and veins. Most intriguingly,
however, the cerebral capillaries recruit
normal numbers of pericytes, yet fail
to associate with those pericytes properly.
This observation suggests that, in addi-
tion to its well-characterized roles induc-
ing vascular mural cell recruitment and
differentiation (Carvalho et al., 2004),
TGF-b signaling to the endothelium
also promotes pericyte adhesion. The
pronounced vascular phenotype further
suggests that juxtaposition of pericytes in
the perivascular space adjacent to the
capillary tube isnot sufficient and thatdirect
mechanical adhesion is required tomediate
pericyte-derived protective effects on
vascular stability and BBB integrity.
Through both in vitro BBB studies and
ex vivo fluorescent staining, Li et al. estab-
lish that thekeymediator ofpericyteattach-
ment, N-cadherin, is cooperatively regu-
lated by Smad4 and Notch signaling. The
authors further demonstrate that these
two signaling pathways converge in the
nucleus, where Smad-containing protein
complexes associate with the Notch intra-
cellular domain and the transcription factor
RBP-J. Thiscooperativeprotein complex in
turn binds to an RBP-J cis-element,0, March 15, 2011 ª2011 Elsevier Inc. 279
Figure 1. Smad4 and Notch Signaling Converge on N-Cadherin Expression and Pericyte-
Endothelial Adhesion
(A) Pericyte (green) adhesion to the endothelial cell wall (orange) promotes vascular stability of the CNS
capillary network and formation/maintenance of the BBB. Inset: TGF-b (or BMP) signaling activates
Smad4-dependent changes in endothelial gene expression. In parallel, ligand-mediated activation of
Notch leads to cleavage and nuclear translocation of the Notch intracellular domain (NICD). Smad protein
complexes interact with the NICD and its associated transcription factor, RBP-J, on a RBP-J cis-element
at the N-cadherin locus. Increased levels of N-cadherin ultimately promote pericyte adhesion to the endo-
thelial cell wall, stabilizing the CNS capillary network.
(B) Pericyte detachment or improper adhesion results in focal dilation of cerebral vessels, microaneurysm
formation, and BBB compromise in the CNS capillary network, leading to vascular fragility and hemor-
rhage. Inset: Genetic ablation of Smad4 or RBP-J from cerebrovascular endothelial cells results in
reduced N-cadherin expression and pericyte detachment.
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vation. Convincingly, endothelial-specific
genetic ablationofRBP-J from thecerebro-
vasculature (SP-A-Cre; RBP-Jflox/flox) reca-
pitulates the perinatal hemorrhagic pheno-
type of the SP-A-Cre; Smad4flox/flox mice.
These exciting insights into the com-
plex molecular signaling cascades gov-
erning endothelial-pericyte interactions
have raised several important questions.
For instance, are other mediators of peri-
cyte attachment, such as connexin-43,
altered in these genetic models or are
they differentially regulated? If differential
regulation of multiple pericyte adhesion280 Developmental Cell 20, March 15, 2011 ªfactors does occur, are these mediators
selectively affected in different pediatric
and adult human neurologic disorders
characterized by bleeds at the capillary
level, such as neonatal IVH, Alzheimer’s
disease, and Amyotrophic Lateral Scle-
rosis? What contributions does altered
basement membrane protein composi-
tion, arising from decreased pericyte-
derived components or abnormal matrix
metalloproteinase activity, make to the
observed hemorrhagic phenotype? Is
the increased BBB permeability arising
from deficient pericyte attachment attrib-
uted to increased paracellular and/or2011 Elsevier Inc.transcellular transport? Does altered peri-
cyte attachment influence astrocyte end-
foot polarity and/or coverage of cerebral
microvessels?
In light of these persistent questions, Li
et al. elegantly characterized one of the
first genetic models that closely approxi-
mates human neonatal IVH and may
potentially facilitate future studies to
better understand the molecular patho-
genesis of this debilitating condition.
However, it has yet to be determined
whether a genetic or functional Smad4
deficiency precedes human neonatal
IVH. Given the connection between endo-
thelial cell hypoxia and numerous patho-
logic changes in human neurologic
disease (Zlokovic, 2008), as well as the
greater risk for fetal cerebral hypoxia
with premature birth and the existing
‘‘physiologically hypoxic’’ state of the
germinal matrix (Ballabh, 2010), it will be
interesting to see whether there is any
relationship between hypoxic pathologies
and the signal-based regulation of
N-cadherin at the pericyte-endothelium
interface.
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